Surface electronic structure and its one-dimensionality above and below the Fermi level (E F ) were surveyed on the Bi/GaSb(110)-(2×1) surface hosting quasi-one-dimensional (Q1D) Bi chains, using normal and two-photon angle-resolved photoelectron spectroscopy (ARPES) and theoretical calculations. ARPES results reveal that the Q1D electronic states are within the projected bulk bandgap. Circular dichroism of two-photon ARPES and density-functional-theory calculation indicate clear spin and orbital polarization of the surface states consistent with the giant sizes of Rashba-type SOI, derived from the strong contribution of heavy Bi atoms. The surface conduction band above E F forms a nearly straight constant-energy contour, suggesting its suitability for application in further studies of one-dimensional electronic systems with strong SOI. A tight-binding model calculation based on the obtained surface electronic structure successfully reproduces the surface band dispersions and predicts possible one-to two-dimensional crossover in the temperature range of 60-100 K.
I. INTRODUCTION
One-dimensional (1D) and quasi-1D (Q1D) systems have emerged as some of the most interesting candidates for studying the non-conventional electronic phenomena caused by reduced degrees of freedom, such as various quantum fluids replacing the broken-down Fermiliquid (FL) model [1] [2] [3] . Among these systems, spin-split ones such as the 1D edge states of twodimensional topological insulators (TI) 4, 5 are attracting significant attention because of their possible applications in spintronic low-dimensional devices 6 , as well as the expected exotic electronic phenomena such as the formation of Majorana bound states 7 and the rich phase diagram based on Tomonaga-Luttinger liquid 1, 8 . In recent days, intermediate materials changing from 1D non-FL quantum fluid to ordinary 3D FL depending on temperature have also been discovered, providing an attractive playground to study the electronic behavior in dimensional-crossover systems 9, 10 .
The Bi/GaSb(110)-(2×1) surface is one of the promising candidates to study such 1D electronic phenomena with significant contributions from the spin-orbit interaction (SOI), because the Bi-(2×1) chains on the (110) surfaces of III-V semiconductors 11 host the Q1D surface valence bands (VBs) with giant sizes of spin splitting derived from Rashba-type SOI [12] [13] [14] . However, the observed band dispersions of the Bi-(2×1) surface are limited below the Fermi level (E F ), although the conduction bands (CBs) above E F are also important, such as for practical applications of spin-dependent transport phenomena. Moreover, the obtained spin-split VBs form the waving Fermi contour (FC), indicating a small, but finite contribution from a two-or three-dimensional component, which would be an inter-chain coupling between surface Bi chains 12 .
In this paper, we report the surface electronic structure not only below but also above the E F on a Bi/GaSb(110)-(2×1) surface using normal angle-resolved photoelectron spectroscopy (ARPES) with synchrotron radiation and two-photon ARPES with a pulse laser, together with theoretical calculations. ARPES results show the Q1D electronic states both below and above E F within the projected bulk bandgap. Circular dichroism (CD) of twophoton ARPES and density-functional-theory (DFT) calculations indicate clear spin and orbital polarization of the surface states, as expected from the Rashba-type SOI. The surface CB above E F forms a nearly straight constant-energy contour, suggesting it is suitable for application in further studies of one-dimensional electronic systems with strong SOI. We also examine possible 1D to 2D crossover in surface electronic states of Bi/GaSb(110)-(2×1) based on the obtained surface electronic structure, suggesting the possible emergence of 1D to 2D crossover in the range of 60-100 K on the surface CBs.
II. METHODS
The GaSb(110)-(1×1) substrates (nominally undoped) were cleaned using repeated cycles of Ar ion sputtering (1 keV) and annealing at ∼700 K, resulting in a sharp (1×1), low-energy electron diffraction (LEED) pattern, as shown in Fig. 1 (a) . A few monolayers of Bi were then evaporated from a homemade Knudsen cell at room temperature, and subsequent annealing up to 550 K formed the (2×1) surface reconstruction as shown in Fig. 1 (b) . This procedure is similar to a preparation method used in the earlier work 13 .
ARPES measurements were performed with synchrotron radiation at the CASSIOPÉE beamline of the synchrotron SOLEIL (hν = 30 eV, circularly polarized). Two-photon ARPES experiments were conducted at the Saga University beamline BL13 at the Saga Light Source. We used laser pulses with hν = 1.5 eV for pump and 6.0 eV for probe pulses, respectively, generated from a Ti:sapphire laser source (100 kHz, 340 mW, 1.5 eV, 200 fs). The pump (probe) laser pulses were linearly (circularly) polarized, sharing a common photon-incident plane to the sample. The origin of the time delay was determined based on the cross-correlation profile between the pump and probe laser pulses by detecting photoelectrons; the overall time resolution of the current two-photon ARPES setup is estimated to be 0.4 ps from the same data. The energy resolutions of the conventional and two-photon ARPES in this work were ∼15 meV and ∼35 meV, respectively. The energy resolution and photoelectron kinetic energies at E F were calibrated using the Fermi edge of the photoelectron spectra from polycrystalline gold electrically attached to the samples.
In the two-photon ARPES experiments, we applied a bias voltage of -15 V to the sample to expand the field of view in momentum space. The distortion in the ARPES image is corrected according to ref. 15 . This correction method was confirmed by comparing the known surface bands (the cleaved Bi 2 Te 3 (0001) surface 16 ) observed with and without the sample bias.
DFT calculation was performed using WIEN2k code with SOI taken into account 17 . The surface was modeled by a symmetric slab of 20×2 GaSb layers, with the surface covered with (2×1) zigzag Bi chains, and the atomic positions of four Bi atoms and GaSb slabs down to three atomic layers from the topmost surface were relaxed using generalized-gradient approximations 18 . The optimized structure agreed well with that determined previously 19 .
To calculate the surface electronic structure, we used the modified Becke-Johnson potential together with the exchange-correlation potential constructed using the local density approximation [20] [21] [22] . Fig. 4 (a), one can find that there is a positive peak on the left side and that there are common, linear backgrounds proportional to k // [110] , independent of E B . To remove the contribution from these backgrounds, we derived the background shape from the fitting of the P spectrum at E B = 0.2 eV, where there are obviously no bands, and obtained the dashed line overlaid in Fig. 4 (a) . This background is consistent in the whole of the CB region shown in Fig. 4 . Although its origin is not clear, the surroundings of the sample (polycrystalline metal parts, such as Mo and Au) might provide such uniformly polarized photoelectrons. After the background subtraction, we obtained the series of P spectra as shown in Fig. 4 (b) , where small but non-zero negative signals appear on the right sides shown by the dashed line in Fig. 3 (b) , it is a common case for various electronic states that the dispersion deviates away from a simple parabolic one around high-symmetry points in a Brillouin zone.
III. RESULTS AND DISCUSSION

A. ARPES band dispersions
Although we swept the delay time between the pump and probe laser pulses, no clear difference in the CB dispersion was observed around eitherΓ orȲ. We have also observed that the CD has no clear delay-time dependence aroundΓ. These results suggest that the observed CBs and their CD reflect the dispersion and polarization of the unoccupied state, and that the photoexcitation and relaxation processes on the timescale of ∼1 ps have no major effect on these electronic states except for their electron populations. that the spin and orbital angular momenta are strongly coupled due to the SOI in the surface bands of Bi/GaSb(110)-(2×1). It is known that the CD of ARPES is sensitive to various experimental conditions, and thus one has to be careful that the observed signal is not always directly related to the spin polarization of the initial states 25 . However, the calculated strong correspondence with the spin and OAM polarizations, together with the experimentally obtained CD signals and band dispersions, strongly supports the idea that the observed surface CBs are actually the split bands due to the Rashba-type SOI. In the current case, the coupling between spin and OAM is anti-parallel in most regions in the surface bands. Although the detailed coupling relation between them depends on the detailed orbital character of each band, we do not go into detail on this point because it is not necessary to confirm that the Rashba-type SOI in the surface CB is from the CD of ARPES.
The dominant contribution from heavy Bi atoms on both the CBs and VBs also justifies the large size of Rashba-type SOI there. One may find that the signs of the polarizations invert away from the center of SBZ in the calculated surface CBs. These inversions are actually obtained in a recent theoretical calculation 26 . It was not observed experimentally in this work (Fig. 4) , possibly because it happens away from the center of SBZ at larger E B regions that are out of the scope of the present two-photon ARPES measurements.
D. One-dimensionality of the surface bands
To examine the size of the 2D contribution to the obtained surface CBs and VBs, we used a simple tight-binding model,
where t a and t b are the effective hopping amplitudes along and perpendicular to the surface Bi chains, respectively, and µ is the chemical potential. This model is the same as in the earlier work 10 Fig. 2 (3) .
The inter-chain bandwidth 4t b ≡ E C is the characteristic energy scale at which the system transits from 1D to higher (2D) dimensional behavior, because the excitation with energies E E C can ignore the 2D contribution, and thus, the whole system can be regarded as 1D 8
The surface CB has much smaller influence from the inter-Bi-chain coupling than the surface VBs, as shown by the straight shape of the constant energy contour ( Fig. 3 (a) ) as well as the inter-chain energy scale t b (5 meV for the CBs and 55 meV for the VBs).
To reveal the origin of this difference, we calculated the fractional orbital contributions of the surface Bi atoms at the surface VBs and CBs indicated by the arrows in Fig. 5 (a) , as summarized in Table I . The surface CBs and VBs have sizable contributions from both the Bi 6s and 6p orbitals. Among these, the contribution from Bi-6p b , the p orbital with the lobe along [001], the inter-Bi-chain orientation, is significantly larger for the VBs. This difference would be the origin of the higher influence of the 2D component in the surface
VBs of Bi/GaSb(110)-(2×1).
IV. SUMMARY
In this work, we report the surface electronic structure, both above and below E F , on a 
